ca. 500 c.c., contained in an electric furnace heated to the desired reaction temperature.
The high-pressure apparatus was similar in arrangement to the above and requires no special description.
The occurrence of cool-flame and true ignitions were indicated in both apparatus by the readings of a suitable pressure gauge attached to the reaction vessel, and the progress of the reactions preceding and following ignition could be followed by measuring the rate of pressure change, by analysis of " snap" samples of the reacting medium and of the products, and, in some instances, by direct visual observation through a window let into the side of the furnace. The actual ignition temperatures recorded are limiting values defined as the lowest temperature to which the reaction vessel had to be heated for ignition ultimately to occur a t the given pressure.
R esults
The data summarized below include (1) the determination of the in fluence of initial pressure upon the ignition ranges of selected mixtures of the various combustibles with oxygen or air, and (2) the analysis of the products from reactions in the several combustion zones. The results of (1) are shown by means of a series of diagrams (figures 1-4), in which the limiting ignition temperatures are plotted against pressure for constant mixture composition, and of (2) by means of carbon or oxygen " balances" in which an attem pt is made to account for all the carbon or oxygen originally present in the reacting medium. The low-and high-pressure experiments are dealt with separately.
I. E xperiments at low pressures in the silica apparatus (a) Cyclohexane (hexahydrobenzene).
Curve A, figure 1, relates to an equimolecular cyclohexane-oxygen mixture ignited in a silica vessel.
The curve will at once be recognized as resembling in all essential features the corresponding curve for any of the higher paraffin hydrocarbons and, in particular, th at of w-hexane which is shown inset in the figure. There are, for example, two well-defined ignition ranges, the one characterized by a progressive fall of ignition temperature with increasing pressure, from 630° at 45 mm. to 395° at 210 mm. pressure, and the other by the occurrence of two pressure minima at 325° (160 mm.) and 275° (175 mm.), respectively. At pressures above 200 mm. the slope of the ignition curve diminishes and the ignition temperature tends to become independent of the pressure. It is to be noted th a t ignition is preceded, in all cases, by an induction period or time " lag " which varies with pressure.
Attention may also be drawn to a region on the low-pressure side of the ignition curve, below 395° (the shaded area adjacent to the curve), within which cool-flame ignition followed by slow combustion takes place, and phenomena are observed similar to those which have been described for some of the higher paraffin hydrocarbons (Newitt and Thornes 1937) . Thus, on traversing the region from low to high pressures, there is a zone near the lower limit, in which as many as four or five successive feeble ignitions may
The combustion of aromatic and alicyclic hydrocarbons 381 v pressure in atmospheres cool flames pressure (mm.) F ig u r e 1 be observed. As the pressure is raised these coalesce into a single ignition, the intensity of which increases with pressure. The cool-flame combustion uses up only a small proportion of the available oxygen, the remainder contributing to a subsequent slow oxidation. As the true ignition curve is approached the rate of this secondary oxidation increases until eventually a second cool-flame ignition occurs, which ultimately gives place to a true ignition. The time lags during these successive stages show a progressive diminution.
In the upper ignition region, above 400°, there is an area to the left of the limiting ignition curve, in which slow combustion takes place accom panied by luminescence but no cool-flame formation. On traversing this Vol. 174. A. region in the direction of increasing pressure, the rate of combustion in creases until eventually inflammation occurs. Combustion is not, however, complete in the first instance, ignitions near the limit being succeeded by a period of slow combustion. The approximate pressures at which this after combustion is no longer detectable are indicated in the diagram by the broken line to the right of the ignition curve. The time lags in the upper ignition region diminish progressively with fall of temperature from about 5 sec. at 550° to less than 1 sec. at 390°. In the lower region, on the other hand, they increase with fall of temperature, at first slowly from 390° down to 275°, and then rapidly, until at 262-5° the lag is as much as 70 min. In this neighbourhood the values are very sensitive to small changes of tem perature, as may be seen from the following data which relate to points on the lower branch of the ignition curve: The determination of the ignition temperature in this region is, therefore* a tedious operation, and the probable errors are greater than in other parts of the curve.
.
Curve B, figure 1, is for an equimolecular cyclohexene-oxygen mixture, also in the silica vessel. In this instance we have a ring compound con taining one unsaturated linkage which might be expected to confer on it a greater immunity to oxygen attack than was found for the corresponding fully saturated cyclohexane (Beatty and Edgar 1934) . Reference to the curve will show th at this expectation is only partially fulfilled.
There are, as before, two distinct ignition regions meeting at 390° and 200 mm., and a third pressure minimum at 278° (250 mm.). There is also a region, of lesser extent, in which cool flames are observed. The cool flames are less intense than with cyclohexane, and the pressure pulse accompanying them is so feeble as to render difficult the exact delimitation of the upper boundary.
The time lags vary in much the same way as those of cyclohexane, but they are of shorter duration, particularly at the lower temperatures where they are measured in minutes rather than in hours.
(c) Aromatic hydrocarbons.
Although w-propyl benzene proved to be considerably more reactive towards oxygen than the lower members of the aromatic series, it was found impracticable to determine the complete ignition curve of an equimolecular mixture in the silica apparatus owing to the comparatively high pressures involved. Data were obtained, however, for the upper part of the curve (curve F, figure 2), together with a portion of the cool-flame zone (F ' ) , indicating the existence of a lower ignition system.
The upper parts of the ignition curves of equimolecular mixtures with oxygen of benzene, toluene and ethylbenzene in the silica apparatus are given for comparison (curves C, D and E) .
W ith w-butylbenzene the complete curve (curve G) was found to lie within the pressure limits of the apparatus, and, although carbon was
The combustion of aromatic and alicyclic hydrocarbon s 383 pressure (mm.) F ig u r e 2 deposited during the ignition reaction, no difficulty was experienced in obtaining data for the lower ignition system. I t will be seen th at the curve G resembles in many respects the cor responding curve for the two alicyclic hydrocarbons and for the higher paraffins, although there are some minor differences. In the upper region, for example, the curve is almost identical with th at of cyclohexene, both lying on the low-pressure side of the cyclohexane curve; but br .ow 420° the curves " fan o u t" and their location with respect to pressure indicates a considerable variation in reactivity, cyclohexane being by far the most reactive and w-butylbenzene the least so. The latter, however, has only one clearly defined pressure minimum, at 323° (250 mm.). Such variations might be expected from the structural differences between the aromatic and the alicyclic compounds.
The actual mechanism by which oxidation takes place in the three cases has not been fully elucidated, but there is reason to believe th at ignition in the lower region is conditioned by the relative stability of one or more of the intermediate products of combustion which, by their thermal decom position or further oxidation, give rise to active centres in the reacting medium (Neumann and Aivazov 1935; cf. Egerton and Ubbelohde 1935)* If this be so, it may be concluded from a comparison of the three curves that, whilst similar processes are probably concerned in the earlier stages of the oxidation, their rates would by no means be identical.
II. E xperiments at high pressures in the steel apparatus
In the case of the aromatic hydrocarbons equimolecular combustibleoxygen mixtures are not very suitable for experimenting in the ignition region, since copious carbon deposition invariably accompanies inflamma tion and the reaction vessel has, in consequence, to be " burnt o u t" after each experiment. In seeking to compare the behaviour of a series of such compounds, therefore, air has been substituted for oxygen, and standard mixtures containing 1-85 times the theoretical amount of hydrocarbon for complete combustion to carbon dioxide and water have been employed. The actual percentages of combustible substance are as follows: benzene 5, toluene 4-3, ethylbenzene and the xylenes 3-5 and w-propylbenzene and mesitylene 3-2 % . The substitution of air for oxygen necessitates the use of much higher pressures and silica and glass apparatus can no longer safely be employed.
(a) Benzene and its mono-alkyl derivatives.
In figure 3 the ignition data for the standard mixtures with air of benzene, toluene, ethylbenzene and w-propylbenzene are shown graphically together with the corresponding data for a 15% methane-air mixture for reference purposes. I t will be noted th at the curves fall into the accepted order of reactivity of the four hydrocarbons (Burgoyne 1937) , and that, with the exception of w-propylbenzene, the ignition temperatures fall progressively with increase in pressure, the points lying on smooth curves.
Benzene, as might be expected from its structure, ignites with more difficulty than any of its derivatives or methane, its ignition temperature at any given pressure within the range of the present experiments being upwards of 100° higher than th at of toluene. w-Propylbenzene shows characteristics which we now associate with the higher paraffin hydrocarbons. I t has an upper and lower ignition range, and the latter includes a pressure minimum at 340° (5 atm.). There is also evidence of feeble cool-flame inflammation in the neighbourhood of the pressure minimum, although the recording apparatus was not sufficiently sensitive to enable the boundaries of the cool-flame zone to be defined. In the case of benzene the time lags before ignition do not exceed 1 or 2 sec. at any pressure, and are comparable with the time taken to introduce the combustible mixture into the reaction vessel. For the remaining compounds the lags are of longer duration and at first increase with pressure, reaching a maximum, in the case of toluene, at about 5 atm. In general they diminish as the series is ascended, as shown by the following figures which relate to ignitions at 5 atm. pressure: The three xylenes and mesitylene. From the point of view of the relation between structure and reactivity it is of interest to compare, as in figure 4 , the ignition characteristics of o-, m-and p-xylene one with another and with their isomer ethylbenzene. The order of increasing reactivity is para-, meta-, ortho-, which is also the order adduced from the slow-combustion experiments previously described (Burgoyne 1937). The lower ignition regions of the ortho-and meta-xylenes have each two pressure minima and well-defined cool-flame zones, whilst th at of para-xylene has only one pressure minimum at an unusually high temperature and there are no detectable cool-flame ignitions.
pressure (atm .) F igure 4
On comparing the ignition curves of p-xylene, ethylbenzene and toluene, it appears as though the effect of two symmetrically placed side-chains upon the reactivity of the benzene nucleus is little if at all greater than th a t of one side-chain of the same length. Mesitylene, which is also sym metrical, has, likewise, a comparatively high resistance to oxidation. There are three pressure minima in the lower ignition region at 362° (11*5 atm.), 338° (12-9 atm.) and 322° (13-5 atm.), and a well-defined but restricted cool-flame zone. As might be expected, it is somewhat more reactive than p-xylene but less so than the o-or m-derivatives. Attention may also be drawn to the unusually long time lags in the lower ignition range.
The products of oxidation in the slow-combustion AND COOL-FLAME REGIONS
In the high-pressure experiments, owing to the increased quantity of reactants concerned, it was possible not only to analyse the gaseous products, but also to carry out an analysis of the condensable substances formed. In the latter connexion, estimations were made of the total acid, aldehyde, phenol and alcohol radicles resulting from slow and cool-flame combustions of typical hydrocarbons.
Under the prevailing conditions of experiment, it was not possible to take " snap" samples of the reacting medium, and in all cases the combus tion was allowed to proceed to completion before analysis. In subsequent experiments in the low-pressure apparatus, which are to be reported in a later communication, it was possible to follow the various combustion processes analytically throughout their whole course; and it was shown th at certain factors which are not evident in the ultimate reaction products play an important part intermediately, and, in particular, the formation and decomposition of peroxides are closely associated with the propagation of cool flames.
In the case of the higher derivatives, it was possible only to assess the distribution of oxygen in the products, but with lower members (e.g. toluene) a more complete knowledge of the combustion chemistry (Newitt and Burgoyne 1936) permitted an estimate also to be made of the distri bution of the carbon involved in reaction.
(1) Toluene-air medium
In table 1, the results relative to a 4-3% toluene-air mixture at 8 atm. and three different temperatures are shown. Such a mixture ignites at about 445° C, so that the high-temperature experiment approaches limit conditions closely. To this fact may be attributed the elevation of the ratio C 0/C 02 and the falling off of the " acid" and " phenol" figures.
As demonstrating the influence of mixture composition, it is interesting to compare the results of the above experiments with those of some earlier ones in the same reaction vessel, using considerably richer mixtures (Newitt and Burgoyne 1936) . This comparison is made in table 2, where the distribution of reacted carbon is the basis. The relationship between a high The combustion of aromatic and alicyclic hydrocarbons 387 proportion of oxygen and ring rupture is very marked, as is also the ten dency of the side-chain to appropriate oxygen at the expense of the nucleus in rich mixtures. (2) Xylene-air media
In all cases, 5% xylene-air mixtures were employed, the temperature being so adjusted as to give different types of slow combustion and (where possible) cool flames, at the same pressure.
In table 3 are the results for o-xylene, relating to a cool-flame reaction at 340° C and to a slow combustion at 400° C, the initial pressure being 4*6 atm. in each case. The 5 % mixture ignites a t 5 atm. and 400° C, so th a t the conditions for the latter reaction approached the ignition limit closely, and the ratio CO/C02 is therefore unusually high. The " phenol" figure is not lowered, however, as was the case with toluene. The combustion of aromatic and alicyclic hydrocarbons 389 If the behaviour of toluene at 340 and 400° C is compared, it is seen th at :he substitution of the methyl group in the ortho position brings about an ncreased appropriation of oxygen to the side-chain carbon atoms. W ith w-xylene (table 4) , however, more oxygen goes to the nucleus, presumably because this molecule is more symmetrical and does not possess a point of such great vulnerability as is caused by the juxtaposition of methyl groups in the ortho derivative. In this connexion, p-xylene (table 5) is more akin to w-xylene than might have been expected, and it is evident that, as regards the attraction of oxygen to the side-chains, it is of little significance whether one or two nuclear hydrogen atoms separate them so long as they are not, in fact, adjacent. Pressure, atm . 14-4 9 9
Percentage oxygen a s : When the results for the three xylenes are compared it is perhaps sur prising, at first sight, to observe th at the distinction between the cool-flame reactions of the ortho and meta derivatives and the slow combustion at the same temperature of the para derivative is not very marked. Thus, in each case, lowering the reaction temperature causes increases in the figures for " acid" and " oxygen in side-chain" and decreases in " phenol", " alcohol" , " aldehyde" , " oxygen in nucleus" and " oxygen in breakdown products" . Turning to the results for a 4% mesitylene-air mixture (table 6), it will be seen that the ultimate products of the slow-combustion and cool-flame reactions at 304° C are strikingly similar, and the only substantial difference is in the aldehyde-acid distribution. There is strong evidence, then, th a t the final reaction products are much the same at a given temperature whether a cool flame has been propagated or not. This, in turn, suggests th at the mechanism is the same in the two cases and th at a cool flame is merely an intensification by pressure of a stage of the slow combustion a t the same temperature. I t will be observed in table 6 th a t there is a marked falling off in the " acid" and " phenol" figures near the ignition limit (experiment at 385° C) as in the case of toluene.
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D iscussion
In view of the fact th at experiments bearing upon other aspects of the low-temperature combustion of the aromatic hydrocarbons have yet to be reported, it is hardly profitable at the present juncture to discuss in detail the chemical processes underlying the phenomena already described. There is a clear analogy, however, between the ignition curves of the aromatic and aliphatic hydrocarbons, modified by significant differences which may be briefly summarized. Since the benzene derivatives under consideration have, in all cases, saturated side-chains, it is to the paraffins th at attention must be directed for purposes of comparison (cf. Townend and co-workers 1933 (cf. Townend and co-workers , 1934 (cf. Townend and co-workers , 1936 . Indeed, an examination of the respective ignition curves will quickly reveal that the relationship between the olefines and the aro matic hydrocarbons is but slight. W ith benzene, toluene and ethylbenzene we are not at present concerned, since, as in the case of methane, no evidence has so far been adduced to show that they have a low-temperature ignition system at all.
The main differences between the higher paraffins and those aromatic hydrocarbons which propagate cool flames seem to be associated with the transition between the high-and low-temperature systems of ignition, which occurs a t a lower temperature in the latter class. Thus, whereas with the paraffins the main pressure maximum in the true ignition curve is invariably located at 390-400°, with the aromatic hydrocarbons it occurs between 350 and 370°. Moreover, the point of inflexion in the ignition curve, where the influence of the low-temperature mechanism upon the hightemperature kinetics is first manifest, is situated upwards of 450° for all aliphatic hydrocarbons, but is not encountered until about 390° with the higher homologues of benzene. The upper temperature limit of the coolflame zone, too, is some 30° lower in the latter case than the former. As for the other prominent features of the curves, namely, pressure minima of ignition and the lower cool-flame boundary it is not possible to generalize, since these vary considerably, even within the same series, according to the nature of the fuel.
W ith regard to the alicyclic hydrocarbons examined, the transitional character is not very marked, and it may be said th at the cyclic structure has little effect upon aliphatic characteristics. Cyclohexane indeed is in all respects a typical paraffin, and although little is known directly of the ignition characteristics of the 6-carbon olefines, tetrahydrobenzene appears to conform closely excepting th at the location of the cool-flame zone is abnormally low. Neither of the olefines examined by Kane and Townend (1937) (UP t° and including amylene) showed a definite pressure minimum of ignition, although a second point of inflexion in the true ignition curve was located, as in the present case of tetrahydrobenzene (ca. 375°).
' The occurrence of cocl-flame ignitions in hydrocarbon combustions is generally considered to be associated with the accumulation and subsequent reaction, by oxidation or decomposition, of some intermediate of high intrinsic energy. If this explanation be accepted, it follows that, while this intermediate in the case of aromatic combustions may be analogous in its structure and mode of production to the aliphatic counterpart, it, or a predecessor in its formation, is certainly comparatively unstable thermally. As a consequence, the low-temperature systems of the aromatic hydro carbons fail to persist to such high temperatures as in the case of the higher paraffins and the pressure extent of the cool-flame zone is generally less in the former instance: thus, for example, the cool flame of w-propylbenzene is ill-defined as compared with th a t of propane.
I t is of interest to note, in this connexion, th at the higher aromatic aldehydes are known to be comparatively unstable thermally, decomposing at quite low temperatures to the next lower hydrocarbon:
In the light of the known participation of higher aldehydes in the lowtemperature combustion system (Newitt and Thornes 1937), this type of reaction is probably significant in determining differences of behaviour between the aromatic and aliphatic hydrocarbons.
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Summary
The general ignition characteristics of eleven aromatic and alicyclic hydrocarbons have been investigated, and previous conclusions regarding their relative reactivity to oxygen are confirmed.
While benzene, toluene, and ethylbenzene show smooth ignition curves within the limits of pressure available, the other hydrocarbons examined exhibit low-temperature ignition systems and, except in the case of p-xylene, cool flames are propagated.
Cyclohexane behaves as a typical paraffin, but tetrahydrobenzene, while resembling the olefines in most respects, has cool-flame limits characteristic of the aromatic series.
Chemical analyses of the ultimate products of slow combustion and coolflame reactions show that the two types of combustion yield similar results at the same temperature. The low-temperature systems of the aromatic hydrocarbons are similar to those of the paraffins, and what differences occur appear to be conditioned merely by the relative stability of analogous intermediate products. 
